Sensory hair cells in the inner ears of nonmammalian vertebrates can regenerate after injury. In many species, replacement hair cells are produced by the proliferation of epithelial supporting cells. Thus, the ability of supporting cells to undergo renewed proliferation is a key determinant of regenerative ability. The present study used cultures of isolated inner ear sensory epithelia to identify cellular signals that regulate supporting cell proliferation. Small pieces of sensory epithelia from the chicken utricle were cultured in glass microwells. Under those conditions, cell proliferation was inversely related to local cell density. The signaling molecules N-cadherin, ␤-catenin, and focal adhesion kinase were immunolocalized in the cultured epithelial cells, and high levels of phosphotyrosine immunoreactivity were present at cell-cell junctions and focal contacts of proliferating cells. Binding of microbeads coated with a function-blocking antibody to N-cadherin inhibited ongoing proliferation. The growth of epithelial cells was also affected by the density of extracellular matrix molecules. The results suggest that cell density, cell-cell contact, and the composition of the extracellular matrix may be critical influences on the regulation of sensory regeneration in the inner ear.
Sensory hair cells in the cochlea and vestibular organs of birds can regenerate after injury caused by acoustic trauma or treatment with aminoglycoside antibiotics (Cotanche, 1987; Cruz et al., 1987; Weisleder and Rubel, 1993; Cotanche 1999) . Although a variety of cellular mechanisms are thought to contribute to repair in the vertebrate ear (Baird et al., 1996; Corwin and Oberholtzer, 1997; Forge et al., 1998; Stone et al., 1998) , the principal regenerative mechanism in the avian ear involves the renewed proliferation of epithelial supporting cells (Corwin and Cotanche, 1988; Ryals and Rubel, 1988; Weisleder and Rubel, 1993) . A more limited regenerative response occurs in the vestibular organs of mammals Kuntz and Oesterle, 1998) , but spontaneous regeneration has not been demonstrated in normal mammalian cochlea (Roberson and Rubel, 1994) . Because intrinsic limitations on cell proliferation appear to be a key determinant of the potential for hair cell regeneration, it is of great interest to identify factors that regulate proliferation in the postembryonic ear.
Regenerative proliferation is triggered by the death of hair cells and their removal from sensory epithelia (Balak et al., 1990; Stone and Cotanche, 1994; Warchol and Corwin, 1996) , but the cellular signals that mediate this response are not known. Proliferation can be induced by activation of the cAMP signaling pathway (Navaratnam et al., 1996; Montcouquiol and Corwin, 2001) . Also, many studies have examined the possible role of mitogenic growth factors in otic regeneration and have reported that the proliferation of vestibular supporting cells can be enhanced by treatment with fibroblast growth factor 2, glial growth factor-2, insulin-like growth factor 1, insulin, transforming growth factor ␣, and tumor necrosis factor ␣ (Lambert, 1994; Yamashita and Oesterle, 1995; Gu et al., 1996; Oesterle et al., 1997; Kuntz and Oesterle, 1998; Warchol, 1999) . It is notable, however, that treatment with mitogens does not lead to large increases in supporting cell proliferation, and cultured avian supporting cells continue to proliferate at high levels even in the absence of added mitogens Warchol, 1995) . These results suggest that exogenous mitogens are not the sole regulators of proliferation and sensory regeneration in the ear.
Studies of other types of nontransformed cells have identified a number of intrinsic and environmental conditions that influence proliferation. For example, entry into the S-phase of the cell cycle is regulated by changes in cell spreading and cytoskeletal conformation (Folkman and Moscona, 1978; Ingber, 1997; Aplin et al., 1999) . The proliferation of epithelial cells can also be influenced by cell-cell contact and by interactions between cell adhesion molecules (St. Croix et al., 1998; Levenberg et al., 1999) . The composition of the extracellular matrix (ECM) is another critical influence on cell proliferation and differentiation (Ingber and Folkman, 1989) . The present study examined the influence of these factors on the proliferation of supporting cells from the sensory epithelium of the avian utricle. The mature avian vestibular organs exhibit ongoing supporting cell proliferation (Jør-gensen and Mathiesen, 1988; Roberson et al., 1992; Kil et al., 1997; Stone et al., 1999) and have a robust capacity for sensory regeneration (Weisleder and Rubel, 1993) . Results presented here suggest that cell density, cadherinmediated interactions, and the composition of the ECM may all interact to regulate ongoing and regenerative proliferation in the inner ear.
MATERIALS AND METHODS
Preparation of epithelial cultures. Chicks (White Leghorn strain, 7-21 d after hatching) were killed by C O 2 asphy xiation and decapitated. After removal of the lower jaw and the skin, heads were immersed in 70% ethanol for 5-10 min. All f urther dissection was performed under aseptic conditions in a laminar flow tissue culture hood (Baker). The labyrinths were exposed laterally, and utricles were quickly removed and transferred to medium 199 with HBSS and H EPES (Invitrogen, Gaithersburg, MD). The otoconia were removed using fine forceps, and utricles were incubated for 60 min in 500 g /ml thermolysin (Sigma, St. L ouis, MO) (dissolved in medium 199 with Earle's salts, 2200 mg / l sodium bicarbonate, 25 mM H EPES, and 0.69 mM L-glutamine) at 37°C in a 5% CO 2 environment (Germain et al., 1993; Corwin et al., 1995) . Specimens were then transferred to medium 199 with HBSS, and iridectomy scissors were used to trim away the edges and peripheral regions of the utricles, leaving only the central sensory region (the utricular cotillus; Jørgensen, 1989) . A 30-gauge needle was used to gently remove the sensory epithelium from the basement membrane and associated connective tissue. Isolated epithelia were then placed on a small spatula and transferred into fibronectin-or laminin-coated culture wells that contained 50 l of medium 199 (with Earle's salts, 2200 mg / l sodium bicarbonate, 25 mM H EPES, and 0.69 mM L-glutamine), supplemented with 10% fetal bovine serum (FBS; Invitrogen). A single utricular epithelium was placed in each well. Once in the wells, the epithelia were cut into 10 -12 small (ϳ200 ϫ 200 m) pieces using iridectomy scissors. The cultures were then incubated at 37°C in 5% CO 2 and 95% air.
Preparation of culture substrates. The glass surfaces of culture wells (P35G-0-10-G; Mat Tek, Ashland, M A) were coated with either bovine fibronectin or murine laminin (Sigma) for 2 hr at room temperature. Most cultures wells were coated with 10 g of fibronectin (dissolved in 100 l of medium 199 with HBSS and 25 mM H EPES), quickly rinsed with fresh medium 199, and used immediately. Other culture wells were coated with 0.1-10.0 g of fibronectin or laminin (in 100 l of medium 199) and used in experiments that quantified the effects of attachment factor density on epithelial cell outgrowth (see Results).
Culture in defined media. All cultures were initially maintained for 3 d in medium 199 and 10% FBS to allow time for attachment to the substrate and for the initial outgrowth of epithelial cells. Most cultures were then rinsed three times with serum-free medium 199 and incubated for an additional 2-5 d in defined media. The precise formulation of the medium and the total time in culture depended on the particular experiment. Data on the relationship between cell density and proliferation were obtained from cultures that were maintained for 5 d in medium 199 with N2 supplement (Bottenstein and Sato, 1979; Invitrogen) . E xperiments on the effects of fibronectin and laminin on cell growth, as well as immunolocalization of phosphotyrosine, N-cadherin, ␤-catenin, and focal adhesion kinase were performed on cultures that were maintained for 2 d in medium 199 and N2. E xperiments on the effects of retinoic acid were performed in cultures that were maintained for 2-5 d in medium 199 and N2 and all-trans-retinoic acid (Sigma). Retinoic acid was prepared as a 1 mg/ml stock solution (in DMSO) and stored at Ϫ20°C. Control cultures were maintained in medium 199 and N2 with comparable concentrations of DMSO.
Treatment with neutralizing antibody to N-cadherin. The role of N-cadherin interactions in regulating proliferation was tested by incubating cultures with microbeads that were coated with a f unction-blocking antibody to N-cadherin (NCD-2; Hatta and Takeichi, 1986) . Latex microbeads (4.5 m, 1 mg, precoated with anti-rat IgG; 110.07/08; Dynal, Lake Success, N Y) were suspended in 100 l of medium 199 (with 0.1% BSA) and incubated for 2 hr with 2 g of NCD-2 (R & D Systems, Minneapolis, M N) at room temperature and with gentle agitation. The NCD-2-coated beads were then rinsed three times with fresh medium 199 and added to epithelial cultures. Control cultures received beads that had been coated with nonspecific rat IgG. Individual culture wells each received ϳ4 ϫ 10 6 beads in 50 l of medium. Immunoc ytochemical identification of cells and signaling molecules. Epithelial cultures were fixed for 15 min in 4% paraformaldehyde. After thorough rinsing in PBS, nonspecific antibody binding was reduced by incubation for 60 -120 min in 2% normal horse serum, 1% BSA, and 0.2% Triton X-100 (in PBS). Primary antibodies were then used to label the following molecules: calretinin (clone Ab-6C, 1:1000; a generous gift from J. H. Rogers, C ambridge University, C ambridge UK), N-cadherin (clone NCD-2, 10 g/ml; R & D Systems), ␤-catenin (clone CAT-5H10, 5 g /ml; Zymed, South San Francisco, CA), focal adhesion kinase (clone 2A7, 10 g /ml; Upstate Biotechnology, Lake Placid, N Y), and phosphotyrosine (clone P T-66, 1:200; Sigma). Primary antibodies were applied overnight at 4°C. The next day, cultures were rinsed five times with PBS and treated with secondary antibodies (anti-mouse, anti-rabbit, or antirat IgG, as appropriate). Peroxidase labeling was achieved using biotinylated secondary antibodies and avidin -biotinylated enzyme complex (ABC; Vector Laboratories, Burlingame, CA). Specimens that had been cultured in the NCD-2 (N-cadherin) antibody were processed using a rat-absorbed anti-mouse IgG (Vector). Epifluorescence labeling was performed using secondary antibodies that were conjugated to C y3 (Amersham Biosciences, Arlington Heights, IL). Specimens were viewed and photographed on a Nikon Diaphot inverted microscope. Photographic images were processed for publication using Adobe Photoshop.
Quantification of cell proliferation. C ells in the S-phase of the cell cycle were labeled by the addition of bromodeoxyuridine (BrdU, 3 g /ml) to the cultures for the final 4 hr in vitro. Processing for the immunocytochemical labeling of BrdU-labeled cells was performed by following a previously published protocol (Warchol, 1995; Warchol and Corwin, 1996) . Most quantification of cell proliferation was performed in regions of known density (between 20 and 120 cells/10,000 m 2 ). Randomly selected regions of the cultures were viewed with differential interference contrast microscopy (Axiovert 135; Z eiss, Thornwood, N Y) and displayed on a video monitor via a Cohu (San Diego, CA) CCD camera. The total number of cells and the number of BrdU-labeled cells in 10,000 m 2 (100 ϫ 100 m) region were counted, and a proliferation index (defined as the number of BrdU ϩ cells/total cells) was computed. T ypically, three to six measurements of cell proliferation were obtained from each individual culture. All counts were performed "blind," such that the identity and previous treatment of individual specimens were not revealed until all data had been obtained.
Statistical tests. Unless otherwise noted, all data are expressed as mean Ϯ SEM. Statistical significance of results was determined by use of the two-tailed Student's t test, as implemented in Microsoft E xcel (Office 98, Macintosh version).
RESULTS

Morphology of epithelial cultures
Cultures originated from individual pieces of mature sensory epithelium that were ϳ200 ϫ 200 m and had cellular densities of ϳ200 cells/10,000 m 2 . After 3 d of growth on fibronectin substrates in medium 199 and 10% FBS, newly divided epithelial cells were visible, growing outward from the original explants. After an additional 5 d in defined medium (medium 199 and N2) , individual cultures were approximately circular and had diameters of 1500 -2000 m. At this point, the central regions had densities of ϳ100 -200 cells/10,000 m 2 ( Fig. 1 A) . Cell density decreased with increasing distance from the center (Fig. 1 B) , so that the outermost regions of the cultures (which comprised newly produced and proliferating cells) had densities of ϳ10 cells/ 10,000 m 2 (Fig. 1C) . Cells in all regions expanded to completely fill available space, resulting in a confluent, epithelium-like morphology in which all cells (except those at the outermost edges) were completely contacted by neighboring cells.
Identification of hair cells in the epithelial cultures
Previous studies have demonstrated that vestibular hair cells can be identified by immunoreactivity to calretinin (Rogers, 1989; . After culture for 8 d (3 d in medium 199 and 10% FBS, followed by 5 d in medium 199 and N2), a subpopulation of epithelial cells were immunoreactive for calretinin. Numerous calretinin-positive cells were observed in the central regions of the cultures. Those cells probably represent surviving hair cells from the original explants. Appreciable numbers of calretinin-labeled cells were also present in the peripheral regions, which were created by cell proliferation while in culture (Fig. 2) . In low-density regions (20 -40 cells/10,000 m 2 ), 10.7 Ϯ 0.8% of all cells were calretinin-positive (n ϭ 23 samples from eight specimens), whereas at moderate density (41-80 cells/ 10,000 m 2 ), the percentage of calretinin-labeled cells was 11.0 Ϯ 0.7% (n ϭ 39 samples from eight specimens).
Epithelial cell proliferation is regulated by local cell density
Decreased epithelial cell density was accompanied by an increase in the percentage of cells that were mitotically active. A series of experiments examined the quantitative relationship between local cell density and cell proliferation. Epithelial cultures were maintained for 3 d in medium 199 and 10% FBS, followed by 5 d in medium 199 and N2. The mitotic tracer BrdU was added for the final 4 hr in vitro. After immunohistochemical processing, the total numbers of cells in randomly selected 10,000 m 2 (100 ϫ 100 m) regions of the cultures and the numbers of BrdU-labeled cells in these same regions were quantified (n ϭ 76 sampled regions from 12 cultures). For each region, a proliferation index (BrdU-labeled cells/total cells) was calculated and plotted as a function of cell density (Fig. 3) . The mean proliferation index at high densities (81-120 cells/10,000 m 2 ) was 0.03 Ϯ 0.01 (mean Ϯ SEM; n ϭ 15 sampled regions), whereas at moderate densities (41-80 cells/10,000 m 2 ), the index was 0.12 Ϯ 0.02 (n ϭ 27). At low cell densities (20 -40 cells/10,000 m 2 ), the mean proliferation index was 0.21 Ϯ 0.02 (n ϭ 34). The proliferation index in each of these three regions was significantly different from those of the other two regions ( p Ͻ 0.005).
Phosphotyrosine activity varies with cell density
Phosphorylation of tyrosine residues in certain regulatory molecules is an early signaling event during entry into the cell cycle (Bray, 1998) . Immunocytochemical techniques were used to visualize the patterns of phosphotyrosine (pTyr) activity in both rapidly proliferating and more quiescent regions of cultured utricular epithelia. In low-density (high-proliferation) regions, intense pTyr immunoreactivity was observed at most cell-cell junctions (Fig. 4 A) . Rapidly dividing cells at the growing edges of the epithelial explants also showed intense pTyr labeling at points where the cells appeared to contact the fibronectin substrates (Fig. 4 B) . In contrast, the high-density (low-proliferation) regions of the cultures contained mainly diffuse cytoplasmic pTyr immunoreactivity, with only rare labeling present at cell-cell junctions (Fig. 4C) .
N-cadherin, ␤-catenin, and focal adhesion kinase are present in cultured epithelia
The previous results indicate the presence of signaling events at cell-cell junctions and focal contacts of proliferating cells and suggest that molecules located at those sites may be involved in the regulation of proliferation. Epithelial cells are linked by molecules of the cadherin family, and N-cadherin mediates cellcell junctions in the avian cochlea (Raphael et al., 1988) . Cadherins are joined to the cytoskeleton via a complex that includes ␤-catenin (Vleminckx and Kemler, 1999) . Signaling at focal contacts is likely to be mediated (at least in part) by focal adhesion kinase (pp125 FAK or FAK; Burridge et al., 1992; Kornberg et al., 1992) . Monoclonal antibodies were used to localize N-cadherin, ␤-catenin, and FAK in epithelial explants. Epithelia were cultured on fibronectin substrates for 5 d (3 d in medium 199 and 10% FBS, followed by 2 d in medium 199 and N2). Labeling for N-cadherin and ␤-catenin was observed at cell-cell junctions throughout the cultures (Fig. 5A,B) . Immunoreactivity for ␤-catenin was also present in epithelial cell nuclei, and diffuse labeling was occasionally present in epithelial cell cytoplasm (Fig.  5B) . Labeling for FAK was confined to points where the cultured epithelial cells appeared to contact the fibronectin substrates and was most apparent at the growing edges of the cultures (Fig. 5C ).
N-cadherin interactions influence the proliferation of epithelial cells
Cadherin-mediated interactions can influence the proliferation of other types of epithelial cells (St. Croix et al., 1998; Levenberg et al., 1999) . To examine the role of N-cadherin in regulation of proliferation in sensory epithelia, cultures were treated with a blocking antibody to chicken N-cadherin. Latex beads (4.5 m diameter) were coated with the NCD-2 antibody, a rat IgG that binds to the extracellular region of N-cadherin and prevents homophilic cadherin binding (Hatta and Takeichi, 1986) . Epithelial cultures (n ϭ 10) were incubated with antibody-coated beads for 48 hr. During this time, numerous beads bound to epithelial cells at the growing edges of the epithelial cultures (Fig. 6 A) . Control cultures (n ϭ 10) received equal numbers of microbeads that were coated with nonspecific rat IgG, but those beads did not appear to interact with epithelial cells (Fig. 6 B) . Proliferating cells were labeled by the addition of BrdU for the final 4 hr in vitro, and the total number of BrdU-labeled cells in each well was counted. Cultures treated with NCD-2-coated beads contained 548 Ϯ 81 BrdU ϩ cells per well (n ϭ 10) compared with 1226 Ϯ 268 BrdU ϩ cells per well in control cultures (n ϭ 10; Fig. 6C ). Thus, treatment with anti-N-cadherin-coated beads reduced total cell proliferation to ϳ45% of control levels ( p Ͻ 0.05).
Substrate-bound fibronectin and laminin enhance the growth of epithelial cells
The presence of phosphotyrosine and focal adhesion kinase at points of contact between epithelial cells and the ECM suggests that signaling between cells and the ECM might also influence proliferation. To examine the effects of ECM composition on the growth of epithelial cells, epithelia were cultured on substrates that were prepared with various concentrations of either fibronectin (0.1, 0.2, 0.5, 1.0, 2.5, 5.0, or 10 g) or laminin (0.1, 1.0, or 10 The location and intensity of pTyr labeling varied with cell density. In low-density regions of the cultures (where proliferation levels were high), intense pTyr activity was observed at cell-cell junctions ( A) and focal contacts between the cells and the substrate ( B). In contrast, pTyr labeling in the more quiescent high-density regions of the cultures was mainly diffuse and cytoplasmic ( C). Scale bar, 10 m. g). Cultures were maintained for 3 d in medium 199 with 10% FBS, followed by 2 d in medium 199 and N2. After fixation, cell outgrowth was quantified by measuring the radial extent of the sensory epithelium from four orthogonal directions on each individual explant (Fig. 7) . Mean outgrowth from epithelia that were cultured on 10 g of fibronectin was 321 Ϯ 29 m (n ϭ 24 cultures). Reducing the coating density of fibronectin to 1 g reduced outgrowth to 77 Ϯ 14% of control values ( p Ͻ 0.001). Further reduction in the amount of fibronectin (from 1.0 to 0.1 g) resulted in a nearly complete inhibition of epithelial cell outgrowth and proliferation (Fig. 8) . Very similar results were obtained using laminin substrates. Mean epithelial outgrowth on wells coated with 10 g of laminin was 329 Ϯ 22 m (n ϭ 12 specimens), and reduction of the coating concentration to 1.0 and 0.1 g reduced outgrowth to 161 Ϯ 15 and 131 Ϯ 15 m, respectively (n ϭ 12 and 10 specimens; p Ͻ 0.001). The overall morphology of epithelia that were cultured on laminin appeared indistinguishable from that of epithelia that were cultured on fibronectin.
Retinoic acid inhibits epithelial cell proliferation but does not promote hair cell differentiation
Retinoic acid has been shown to influence the level of cell proliferation in the developing ear (Represa et al., 1990) . To determine the effects of retinoic acid on proliferation in mature sensory epithelia, cultures were maintained in defined medium (medium 199 and N2) that contained retinoic acid (5 or 50 ng/ml) for either 2 or 5 d. Proliferating cells were labeled by the addition of BrdU to the culture medium for the final 4 hr in vitro. In all cases, retinoic acid treatment inhibited proliferation (Fig. 9) . After 5 d of exposure to 5 or 50 ng/ml retinoic acid, cell proliferation was reduced to 18 Ϯ 9 and 6 Ϯ 3% of control levels, respectively ( p Ͻ 0.001). Additional experiments examined whether retinoic acid promoted hair cell differentiation in the epithelial cultures. Cultures were treated for 5 d with 100 ng/ml retinoic acid or 0.1% DMSO (in medium 199 and N2) and processed for calretinin immunohistochemistry. Calretininlabeled cells (presumptive hair cells) were counted in randomly selected 100,000 m 2 regions in each culture. Retinoic acidtreated cultures contained 79.7 Ϯ 6.2 calretinin-positive cells/ 100,000 m 2 (n ϭ 11 samples from seven cultures) versus 76.4 Ϯ 5.6 calretinin-positive cells/100,000 m 2 in control cultures (n ϭ 13 samples from eight cultures).
DISCUSSION
Phenotypic identity of proliferating cells
The present data demonstrate that cells in the sensory epithelia of the avian inner ear can sustain considerable levels of proliferation when maintained in culture in defined medium and on identified substrates. The observed proliferation index in the low-density regions of the epithelial cultures (20 -40 cells/10,000 m 2 ) was 0.21 Ϯ 0.02, indicating that ϳ20% of the cells in that region were in the S-phase of the cell cycle during the 4 hr BrdU pulse. As in previous studies of cultured inner ear epithelia (Stone et al., 1996; , the proliferating cells were assumed to be supporting cells. The present study did not address the broader issue of whether all epithelial supporting cells were capable of proliferating. Epithelia in other somatic tissues often contain a specialized class of precursor cells (Slack, 2000) . Previous studies have shown morphological evidence for subclasses of supporting cells in the avian cochlea (Oesterle et al., 1992; Fekete et al., 1998) , but there is no direct evidence that these subclasses of supporting cells play unique roles in hair cell regeneration. Instead, injury to the avian cochlea results in the expression of early cell cycle proteins in nearly all epithelial supporting cells (Bhave et al., 1995) , whereas an undefined fraction of those cells progresses to S-phase (Roberson et al., 1996) . Large numbers of proliferating cells are observed within 48 hr of hair cell lesions in the avian utricle (Matsui et al., 2000) , and ongoing proliferation in that organ does not appear to be restricted to a subset of epithelial supporting cells (Wilkins et al., 1999) . All proliferating cells in the present study appeared to have similar morphologies, and all cells displayed identical immunoreactivity for N-cadherin. It is not known, however, whether all epithelial cells (other than hair cells) form a single phenotypic class and are capable of proliferation.
Regulatory influence of cell density
The observed level of proliferation within the epithelial cultures was inversely related to local cell density. The specific signaling pathways that regulate proliferation are not known, but they might be of two general classes: (1) local mechanical signals and (2) diffusible chemical signals. Studies of other types of cells have demonstrated that mechanical factors, such as changes in cytoskeletal tension or configuration, can activate signal transduction molecules and pathways involved in the early phases of proliferation (Cheng et al., 1996; Chicurel et al., 1998; Huang and Ingber, 1999) . Also, the ability of a cell to extend its cytoskeleton appears to be necessary for entry into S-phase (Folkman and Moscona, 1978; Ingber et al., 1995; Iwig et al., 1995; Chen et al., 1997) . In the avian cochlea, expansion and spreading of the apical surfaces of supporting cells occur shortly after the loss of hair cells but before the onset of regenerative proliferation (Cotanche and Dopyera, 1990; Raphael, 1993) . It is possible that the resulting change in cytoskeletal conformation may activate intracellular signaling molecules that trigger renewed proliferation.
Previous studies have also suggested that regenerative proliferation in the avian ear can be regulated by endogenously produced diffusible factors. Supporting cells in cultures of the avian vestibular organs continue to proliferate in the absence of added mitogens, indicating that those tissues produce whatever mito- Figure 7 . Effects of varying the coating density of fibronectin (FN ) on the outgrowth of cultured supporting cells. Small pieces of sensory epithelium were plated onto substrates that had been coated with various concentrations of fibronectin. Supporting cell proliferation and outgrowth were strongly influenced by the density of the fibronectin substrate. Darkly stained cell nuclei are BrdU ϩ . Scale bar, 100 m. Figure 8 . Quantification of supporting cell outgrowth from explants after culture for 5 d on various densities of fibronectin. Near-maximal growth was observed on substrates that were coated with 5 g of bovine fibronectin. A similar relationship between substrate density and supporting cell outgrowth was observed in epithelia cultured on laminin. gens are necessary for proliferation Warchol, 1995) . In addition, regenerative proliferation in the avian cochlea is limited to regions within 200 m of hair cell lesions, which is consistent with the release of a diffusible mitogen from the lesion site (Warchol and Corwin, 1996) . It is possible that the relatively low levels of proliferation that were observed in the high-density regions of epithelial cultures (Fig. 3) resulted from competition between cells for a locally released mitogen. However, the observed relationship between cell density and proliferation might also indicate that each epithelial cell releases a diffusible inhibitor of proliferation. In that case, high concentrations of the inhibitor would accumulate in high-density regions, resulting in local inhibition of proliferation. A previous study has reported evidence for the release of an inhibitory substance from the avian utricle (Tsue et al., 1994) . Also, retinoic acid has been shown to be present in the vestibular maculae of birds (Kelley et al., 1993) , and the present results show that retinoic acid inhibits proliferation in the epithelial cultures. Future experiments that use primary cultures of epithelial supporting cells should be able to distinguish between these possibilities.
Phosphotyrosine signaling in cultured epithelial cells
Immunoreactivity for pTyr activity was present at cell-cell junctions in the lower-density (high-proliferation) regions of the epithelial cultures. Because those regions display high levels of proliferation (Fig. 3) , junctional pTyr activity appears to be correlated with local cell proliferation. Very similar results have been reported from studies of cultured endothelial cells (Lampugnani et al., 1997) . Phosphotyrosine activity was also observed at points of contact between epithelial cells and the fibronectin substrate, and additional antibody labeling revealed the presence of pp125 FAK at focal adhesions. The involvement of FAK in regulating cell proliferation is well established (Zhao et al., 1998) , and mechanically induced cell spreading stimulates phosphorylation of FAK (Hamasaki et al., 1995; Tang et al., 1999) and other tyrosine kinases (Sadoshima et al., 1996) . Transcripts for FAK are also present in the mammalian utricle (Corwin et al., 2000) . The observation that both fibronectin and laminin stimulate the growth of epithelial cells is consistent with the suggestion that signaling at the focal adhesion complex can regulate supporting cell proliferation.
Role of N-cadherin and ␤-catenin in the regulation of proliferation
Additional results support the hypothesis that signaling at cellcell junctions can influence proliferation in epithelial cultures. The presence of N-cadherin was detected at cell-cell junctions in the epithelial cultures, and the binding of microbeads coated with anti-N-cadherin inhibited epithelial cell proliferation. Those findings suggest that some form of contact inhibition (Dulbecco and Stoker, 1970; Gradl et al., 1995) may play a role in regulating the proliferation of epithelial cells. Neutralization of cadherins has been shown to mimic contact inhibition and to block the proliferation of other types of epithelial cells (St. Croix et al., 1998; Levenberg et al., 1999 ). The precise mechanism by which N-cadherin regulates cell proliferation in the ear is not known, but the loss of hair cells will break N-cadherin-mediated bonds at adherins junctions, and this may be an early signal of epithelial injury (Corwin and Warchol, 1991) . The observation that ␤-catenin is localized at cell-cell junctions and in the cytoplasm of epithelial cells may also indicate a role for that molecule in the regulation of proliferation. Previous data have shown that ␤-catenin (armadillo) is a key messenger in the wnt signaling pathway (Peifer and Polakis, 2000) . Breakage of adherins junctions will release ␤-catenin into the cytoplasm. Under such conditions, ␤-catenin can enter cell nuclei and associate with the lymphocyte enhancer factor-1 transcription factor, leading to the expression of cyclin D1 (Shtutman et al., 1999) .
Influence of extracellular matrix molecules
The demonstration that the cultured epithelia can attach and grow on fibronectin and laminin substrates indicates that vestibular epithelial cells can express the correct integrin receptors for those ECM ligands. In addition, increasing the coating density of fibronectin and laminin strongly increased the growth of the cultured cells. The extent of growth enhancement in response to increased ECM density exceeds previously reported growth increases after application of mitogenic growth factors (Lambert, 1994; Yamashita and Oesterle, 1995; Gu et al., 1996; Oesterle et al., 1997; Warchol, 1999) . These results suggest that the composition of the ECM may be an important regulator of regeneration in the ear. Numerous studies of other cell types have suggested that the composition of the ECM can regulate cell proliferation, differentiation, and survival (Bitterman et al., 1983; Mooney et al., 1992; Meredith et al., 1993; Lukashev and Werb, 1998) . Changes in ECM composition are also an early feature of epidermal wound healing (Gailit and Clark, 1994; Martin, 1997) . Although injury-evoked changes in the ECM of the avian inner ear have not yet been extensively studied (Cotanche et al., 1996) , developmental changes in ECM composition have been documented (Hemond and Morest, 1991; Woolf et al., 1992; Cosgrove and Rodgers, 1997) . In particular, fibronectin is present below the sensory epithelium of the avian and mammalian cochlea (Richardson et al., 1987; Santi et al., 1989) . Injury-evoked changes in the ECM of inner ear sensory organs might occur if either epithelial cells or cells below the sensory epithelium were to secrete particular ECM components in response to the loss of hair cells. The ECM may also serve as a reservoir for mitogens, which could be released after hair cell injury. Finally, modification of the ECM might be performed by macrophages. Recent studies have shown that macrophages are recruited to sites of hair cell lesions in the avian cochlea and vestibular organs, but their contribution to the process of regeneration is not clear (Warchol, 1997; Bhave et al., 1998 Bhave et al., , 1999 . Injury to other epithelial structures can result in the local secretion of fibronectin by activated macrophages (Brown et al., 1993) as well as proteases that modify the structure of the ECM (Shapiro, 1998).
Regulatory role of retinoic acid
The present data show that retinoic acid (RA) can inhibit the proliferation of vestibular supporting cells. Although RA and its binding proteins serve diverse roles during embryonic development, RA generally acts to inhibit cell proliferation and to promote differentiation (Maden, 2001) . Notably, application of exogenous RA stimulates the production of supernumerary hair cells in the developing mammalian cochlea (Kelley et al., 1993) . Retinoic acid and cellular retinol-binding protein I (CRBP I) are present in the mature vestibular organs of birds and mammals but not in the mature mammalian cochlea (Kelley et al., 1993; Ylikoski et al., 1994) . Thus, the presence of RA and CRBP I correlates with the ability to regenerate hair cells. Supporting cells in the undamaged utricle proliferate at a moderate rate (Jørgensen and Mathiesen, 1988; Roberson et al., 1992; Kil et al., 1997) , and the present data raise the possibility that endogenous RA may act as a negative regulator of supporting cell proliferation. In addition, the observation that application of RA did not increase the numbers of calretinin-positive cells in the epithelial cultures suggests that RA alone is not sufficient to induce mature supporting cells to differentiate as hair cells.
Summary
The results presented here indicate that a key determinant of supporting cell proliferation is local cell density. Low-and moderate-density regions of epithelial cultures had differing mean levels of proliferation, although those regions contained approximately equal numbers of surviving hair cells (ϳ10%). These data are consistent with the notion that cell shape and cytoskeletal conformation influence cell proliferation (Huang and Ingber, 1999) or that epithelial cells secrete a diffusible regulator of proliferation. Contact-mediated cell-cell interactions via the adhesion molecule N-cadherin appear to regulate epithelial cell proliferation. Breakage and reformation of those junctions after hair cell injury may be an early trigger for regenerative proliferation. The data also suggest that cell-matrix interactions and the composition of the ECM are important influences on the proliferation of supporting cells, but it is unclear how molecules at focal adhesions interact with molecules at adherins junctions. Future studies should determine how signaling events at cell-cell and cell-matrix junctions regulate sensory regeneration in the inner ears of birds and mammals.
